ABSTRACT. Toll-interleukin 1 receptor (TIR) domain containing adaptor protein (TIRAP; also known as MAL) is an essential adaptor molecule in Toll-like receptor signaling, involved in activating the innate immune response during infection. Genetic variations in the TIRAP gene may influence human susceptibility to infectious disease. To date, in the Chinese population, a possible predisposition of TIRAP gene variants to tuberculosis has not been reported. We investigated whether TIRAP gene polymorphisms are associated with the development of tuberculosis in a Chinese population. We investigated all the single-nucleotide polymorphisms (SNPs) within the TIRAP exon 5 in a case-control study of 212 patients with tuberculosis and 215 controls in a Chinese population. Genotyping was performed to identify the polymorphisms of TIRAP gene by PCR-DNA sequencing method. Haplotypes for the TIRAP gene variants were constructed using Haplo- view version 4.2. Six polymorphisms of the SNPs listed in the National Center for Biotechnology Information database were detected in these Chinese tuberculosis patients. It was found that both the frequency of the 286A allele (odds ratio (OR) = 13.37; 95% confidence interval (CI) = 0.75-238.3; P < 0.01) and the frequency of 286AG genotype (OR = 13.57; 95%CI = 0.76-242.5; P < 0.01) were significantly higher in patients than in healthy controls. However, two other SNPs, C539T and C558T, reported to be associated with tuberculosis in other populations, were found not to be associated with tuberculosis in this Chinese population. We conclude that TIRAP G286A (D96N) polymorphism is associated with susceptibility to tuberculosis and may be a new risk factor for the development of tuberculosis in China.
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INTRODUCTION
Tuberculosis (TB) is a contagious and potentially fatal disease caused by various strains of mycobacteria, usually Mycobacterium tuberculosis (Mtb) in humans. It can affect almost any part of the body, but manifests mainly as an infection of the lungs and kills more people each year than any other single infectious disease. Recently, multi-drug resistance of Mtb and extensive-drug-resistance tuberculosis in subjects with compromised immune system have become difficult problems that badly need to be tackled. To effectively control the disease, new drugs, new diagnostics, and more effective vaccines are worldwide priority; they depend on a thorough understanding of the host immune response against Mtb. It is well known that one-third of the world's population is infected with Mtb, but only 10% among those infected will develop the disease (Rossman and Oner-Eyuboglu, 1998) . This fact together with other substantial evidence indicate that variations in host hereditary factors play an important role in susceptibility to TB (Bellamy et al., 2003) .
Pattern recognition receptors (PRRs) are the first line of defense against infection in the innate immune system. The core member of PRRs in immune response against Mtb is Toll-like receptors (TLRs) (Akira and Takeda, 2004; Quesniaux et al., 2004) . TLRs can recognize pathogen-associated molecular patterns of Mtb and initiate signaling pathways that lead to the activation of the innate immune response, cytokines and formation of the adaptive immune response (Jo, 2008) . Mycobacteria are initially recognized by TLR-1, -2, -4, -6, and -9 (Branger et al., 2004; Bafica et al., 2005; Drage et al., 2009; Harding and Boom, 2010; Sanchez et al., 2010) , which in turn interact with the adaptor proteins, including MyD88 and Toll-interleukin 1 receptor (TIR) domain containing adaptor protein (TIRAP; also known as MAL) to activate macrophages and dendritic cells (O'Neill and Bowie, 2007) . Candidate gene association studies of critical host response genes have successfully revealed that single-nucleotide polymorphisms (SNPs) in TLR-related proteins are significantly associated with infectious and inflammatory diseases (Ogus et al., 2004; Schroder and Schumann, 2005; Hawn et al., 2006; Khor et al., 2007) . Interestingly, TIRAP, being the most polymorphic of all adapter proteins, contains at least eight SNPs in its coding region. Notable, amongst these polymorphisms is the SNP C539T (rs8177374, also known as S180L), which is a protective factor against tuberculosis and other inflammatory diseases in some ethnic populations (Khor et al., 2007; Castiblanco et al., 2008) , but not in others (Nejentsev et al., 2008) . Another SNP C558T (rs7932766, also known as A186A), a variant in strong linkage with C539T, was reported to be associated with an increased susceptibility for tuberculosis in a small Vietnamese population (Hawn et al., 2006) . Thus, increasing evidence suggests that SNPs in TIRAP gene are important genetic determinants for susceptibility for tuberculosis.
Recently, two similar studies (Nagpal et al., 2009; George et al., 2010 ) that address the functional and structural consequences of all the SNPs in TIRAP gene-coding region concluded that a rare polymophism in multiple populations, G286A (rs8177400, also known as D96N), acts as a hypomorphic mutation, leading to the loss of function of TIRAP in many aspects. This naturally occurring variant results in impaired cytokine production and NF-κB activation and interrupts TIRAP to interact with MyD88, after overexpression in HEK 293 and Huh-7 cells (Nagpal et al., 2009; George et al., 2010) . Moreover, subsequent population screening of this SNP indicated that it exists in several ethic groups, although with a low frequency of heterozygosity. These data added G286A to the list of functionally important variants of TIRAP and gave evidence that this polymorphism is of epidemiological interest.
China is a country with an alarming TB incidence, reaching more than 300 cases per 100,000 inhabitants in 2003 (Dye, 2006) . However, it is unknown whether polymorphisms in TIRAP influence susceptibility to TB in the Chinese. Considering the critical role that TIRAP plays in mediating signals from TLR that recognize Mtb and the evidence of association with TB in other populations, we hypothesized that SNPs in TIRAP affect the susceptibility to TB in the Chinese population. We analyzed the whole coding region sequence of the TIRAP gene and investigated the SNPs and their association with TB in a case-control study in a southeastern Chinese population. To our knowledge, this is the first study to investigate whether polymorphic sites in TIRAP correlate with the development of TB in a Chinese population.
MATERIAL AND METHODS

Participants
Two hundred and twelve unrelated patients diagnosed with TB (confirmed by clinical, radiological and bacteriological investigations) were enrolled in the TB group. All TB sufferers were undergoing standard TB treatment at the TB clinic of the Sixth Hospital of Shaoxing and Hangzhou Red Cross Hospital between October 2005 and July 2008. Patients were excluded if they tested positive for human immunodeficiency virus, or were using immunosuppressive agents. The control group comprised 215 healthy, unrelated blood donors with no history of TB or other immune diseases. All control subjects were from the same ethnic (Han) population and geographical origin, and were living in the same region as the patients with TB (Southeast China). This study was approved by the Ethics Committee of the Faculty of Medicine (Zhejiang University, China), and informed consents were obtained from all subjects before blood sampling.
Genotyping
The TIRAP gene SNPs were detected by polymerase chain reaction (PCR), followed by direct sequencing. Genomic DNAs were extracted from the peripheral blood leukocytes with the salting-out method (Rousseau et al., 1994) . The PCR primer included forward GGAGC AACAGGTCTCTGAGAATAAG and reverse CAAGGCACAGAGCGGGTGAGTAA. The PCR was performed by denaturing at 94°C for 3 min, followed by 28 cycles at 94°C for 30 s, 65°C for 45 s, and 72°C for 50 s, and a final extension at 72°C for 10 min. The amplified products were purified and then identified by scanning with the ABI 3100 sequencer (Applied Biosystems, Carlsbad, CA, USA).
Statistical analysis
The chi-square test was used to compare allele and genotype distribution in the TB patients and control subjects by the two-tailed Fisher exact method with the GraphPad Prism version 5.01 software. Odds ratios (OR) and 95% confidence intervals were calculated by Miettinen's method. A P value of <0.05 was considered to be significant. Hardy-Weinberg equilibrium was assessed using the chi-square test for each group. Haplotype frequencies and associations were calculated with Haploview version 4.2, which uses the expectation-maximization algorithm (Barrett et al., 2005) , from which the D', LOD and r 2 calculations were derived. Pairwise linkage disequilibrium was estimated by calculating pairwise D' and r 2 based on D' > 0.75 and r 2 > 0.80.
RESULTS
Clinical characteristics of 212 TB patients and 215 healthy control subjects were recorded (Table 1 ). The average age was 38.3 ± 15.4 years (range = 18-70 years) in TB patients and 34.6 ± 16.2 years (range = 18-68 years) in the control group. Females constituted 0.59 of the TB group, and 0.52 of the control group. Similar ratios of males and females were included in each of the two groups (P > 0.15). The TIRAP-coding region was amplified and sequenced by PCR in all samples; six polymorphisms were found in this region. All TIRAP SNPs were in Hardy-Weinberg equilibrium except for G164A in the control group (Table 2) . SNP = single-nucleotide polymorphism; OR = odds ratios; CI = confidence intervals; N = number of alleles; Freq = frequency. P value and OR were obtained by the chi-square test. The two-tailed Fisher exact test was used because of small sample numbers. All TIRAP SNPs were in Hardy-Weinberg equilibrium except for the G164A in the control group (P = 0.018). There are fewer samples for SNP A*52G due to bad sequencing result at the end of the amplified DNA sequence. Table 2 . Distribution of the TIRAP SNP allele and genotype frequencies in the tuberculosis patients (N = 212) and the control group (N = 215).
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Among all these SNPs, a rare SNP 286A (frequency, 1.4% in patients and 0% in controls) was found to be significantly associated with susceptibility to TB (Table 2) . Furthermore, the genotype of 286AG also had a significant association with TB (Table 2) . SNPs 164A, 303A and 539T had slightly lower frequencies and 558T a higher frequency in the TB group than in controls, but the differences were not significant. No significant differences between patients and controls were observed in the genotype distribution of these SNPs (Table 2) .
We further examined haplotypes to analyze whether there were additive associations among the different haplotypes. Only SNPs G303A and C539T were found to be in tight linkage disequilibrium (D' = 1). The GGGCTA haplotype, representing SNPs 164-286-303-539-558-*52, was somewhat more frequent in subjects with TB than in controls (Table 3 ), but no significant difference was found in the frequencies of these haplotypes between the two groups.
DISCUSSION
Some reports present evidence for the role of TIRAP in TB immunity. Yamamoto et al. (2002) reported that lipopolysaccharide (LPS)-induced splenocyte proliferation and cytokine production are abolished and NF-кB and MAPK are induced with delayed kinetics in TIRAP-deficient mice. This suggested a crucial role in the MyD88/TIRAP-dependent signaling pathway shared by TLR-2 and TLR-4, the major pathway for the immune response to Mtb (Jo et al., 2007) . Here, we examined the relationship between TIRAP genetic polymorphisms and risk of TB. The main novel finding reported here is that a rare TIRAP polymorphism had a significant influence on the susceptibility for TB and TB-associated TIRAP SNPs in other ethnic groups were found not to impact the susceptibility for TB in this Chinese population.
We found a TIRAP SNP G286A, with a very low allelic frequency of the A allele in TB patients (1.4%) and control subjects (0%). This is similar to what has been found in other populations: 4.3% in the European population and 0% in African Americans (data from NCBI dbSNP). A significant difference was found between patients with TB disease and healthy controls in both TIRAP G286A polymorphism genotype and allelic distribution ( Table 2 ). The risk of developing TB disease in subjects with the 286AG genotype was found to be 13.37-fold higher than in carriers of the 286GG genotype. To our knowledge, this is the first report showing an association between TIRAP SNP G286A and occurrence of TB disease.
It has previously been demonstrated that this TIRAP polymorphism, also known as D96N, resulted in a decrease in the ability of MyD88 binding and TLR-2/TLR-4 signaling. Nagpal et al. (2009) showed that G286A acted as a hypomorphic mutation, with impaired cytokine production and NF-кB activation upon LPS or PAM 2 CSK 4 stimulation. Moreover, co-immunoprecipitation studies and computer modeling data (Nagpal et al., 2009; George et al., 2010) revealed that this variation results in conformation changes in the MyD88 binding site and thus the TIRAP G286A variant is unable to interact with MyD88, a prerequisite for downstream signaling to activate the responses to Mtb. These facts lead us to suggest that the 286A allele is a risk factor for increased susceptibility to TB. Nonetheless, only a small part (1.4%) of TB patients carried the 286A allele. This indicated that other factors, such as other polymorphisms of TIRAP or other TLR-related proteins also contribute to an inability to prevent progression of TB infection to disease. We have reported in a previous study (Xue et al., 2010a ) that microsatellite (GT)n polymorphisms in TLR-2 are associated with the susceptibility to TB in Chinese. Data from other studies suggest that polymorphisms of other PRRs are also responsible for human susceptibility to TB (Ogus et al., 2004; Schroder and Schumann, 2005; Barreiro et al., 2006; Ma et al., 2007; Thuong et al., 2007; Austin et al., 2008) . Our results show that other SNPs in the TIRAP gene are not associated with TB in the Chinese population. Several studies have also investigated these SNPs or the linkage disequilibrium of them in TIRAP and their association with TB; however, the results vary significantly among different groups. The TIRAP polymorphism C539T, reported to be a common protective factor against developing TB in West African (0.6 and 2% variation of patients and controls, respectively) (Khor et al., 2007) and Columbian population (9 and 16% variation of patients and controls, respectively) (Castiblanco et al., 2008) , was found to be rare (1.4 and 2.8% variation of patients and controls, respectively), with no significant difference between the patients and controls in our study. Our results are similar to those of some association studies of this variation in other populations, which also found no correlation of SNP with TB in Russian, Ghanaian, Indonesian (Nejentsev et al., 2008) , and Vietnamese (Hawn et al., 2006) in a large scale of samples. For the SNP C558T, another study provided evidence showing that both the variant and the haplotype containing the T allele were more frequent in TB patients than in controls (Hawn et al., 2006) . In our study, although both the T allele (OR = 1.55; P = 0.23) and the haplotype GGGCTA containing the T allele (OR = 1.47; P = 0.26) were more frequent in patients than controls, no significant difference was found.
There may be several reasons for the differences between these reported results and ours. These discrepant findings could simply represent heterogeneity of association in different populations, which is well described for many immunogenetic polymorphisms (Delgado et al., 2002; Xue et al., 2010b) . Worthy of note are the differences in the frequencies of these polymorphisms among different races. The polymorphisms such as G286A and C539T were shown to be much higher in European than in Asian and African populations. This difference, along with gene-gene interactions and environmental and cultural factors, and even the variations in mycobacterium strains, make understanding the observed differences between ethnic groups even more complicated. The relatively small size of the population in our study might be another reason. Given that rare frequencies of the variations and the small size decrease the power to detect small effects, a much larger sample size should provide sufficient variation to determine conclusively the role of TIRAP in TB patients and controls. However, a study (Nejentsev et al., 2008) with a much larger sample, powered enough to detect small effects, also showed a lack of association of the C539T with TB in Russian, Ghanaian and Indonesian populations, which was consistent with our result. Also, the different methods used for identification of alleles and genotypes in different reports may have some influence. Restriction fragment length polymorphisms (RFLP) and allele-specific PCR were used by most of these Y.X. Zhang et al.
researchers (Khor et al., 2007; Castiblanco et al., 2008; Nejentsev et al., 2008) . Here, to avoid the possibility of false or ambiguous results caused by RFLP or allele-specific PCR, we used DNA sequencing to identify gene variation in the TIRAP genes for all the samples.
In conclusion, our data suggested that SNP G286A, which causes an aspartic acid to asparagine substitution at residue 96 of TIRAP, is another candidate gene that may have an influence on susceptibility to TB. Other SNPs of the TIRAP gene, including C539T and C558T, were found to be rare in this southeastern Chinese population and not associated with susceptibility to TB. This is the first report of TIRAP gene polymorphisms screening in Chinese TB patients and provides a new potential genetic risk factor for tuberculosis. Further studies with larger sample sizes are needed to confirm these findings.
